a2 United States Patent

Xiao

US009437709B2

10) Patent No.: US 9,437,709 B2
45) Date of Patent: Sep. 6, 2016

(54) SEMICONDUCTOR DEVICE AND
FABRICATION METHOD THEREOF

(71)  Applicant: SEMICONDUCTOR
MANUFACTURING
INTERNATIONAL (SHANGHAI)
CORPORATION, Shanghai (CN)

(72) Inventor: De Yuan Xiao, Shanghai (CN)

(73) Assignee: Semiconductor Manufacturing
International (Shanghai) Corporation
(CN)

*) Notice: Subject to any disclaimer, the term of this
] y
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

(21) Appl. No.: 15/012,297
(22) Filed:  Feb. 1, 2016

(65) Prior Publication Data
US 2016/0149014 Al May 26, 2016
Related U.S. Application Data

(62) Division of application No. 14/281,007, filed on May
19, 2014, now Pat. No. 9,269,772.

(30) Foreign Application Priority Data
Jul. 13,2013 (CN) eevvcriercrne 2013 1 0327038
(51) Imt.CL
HOIL 21/336 (2006.01)
HOIL 29/66 (2006.01)
HOIL 29/12 (2006.01)

(52) US. CL
CPC ... HOIL 29/66462 (2013.01); HOIL 29/122
(2013.01); HOIL 29/66431 (2013.01); HOIL
29/66969 (2013.01)
(58) Field of Classification Search
CPC ... HO1L 29/66462; HO1L 29/165; HOIL
129/66431; HOIL 29/778; HO1L 29/122;
HO1L 29/66636; HO1L 29/66969
LOI) & G 438/197, 285, 283, 47, 172, 94
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

2008/0237577 Al 10/2008 Chui
2012/0074386 Al 3/2012 Rachmady et al.
2014/0203243 Al 7/2014 Xiao

Primary Examiner — Thien F Tran
(74) Attorney, Agent, or Firm — Innovation Counsel LLP

(57) ABSTRACT

A semiconductor device and a method for fabricating the
same are disclosed. In the method, a substrate structure is
provided, including a substrate and a fin-shaped buffer layer
formed on the surface of the substrate. A QW material layer
is formed on the surface of the fin-shaped buffer layer. A
barrier material layer is formed on the QW material layer.
The QW material layer is suitable for forming an electron
gas therein. Thereby the short-channel effect is improved,
while high mobility of the semiconductor device is guaran-
teed. In addition, according to the present disclosure, ther-
mal dissipation of the semiconductor device may be
improved, and thus performance and stability of the device
may be improved.

11 Claims, 9 Drawing Sheets
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1
SEMICONDUCTOR DEVICE AND
FABRICATION METHOD THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application of U.S. patent
application Ser. No. 14/281,007 filed on May 19, 2014,
which application claims priority to Chinese Patent Appli-
cation No. 201310327038.5, filed on Jul. 31, 2013, both of
which are incorporated herein by reference in their entire-
ties.

FIELD OF THE INVENTION

The present disclosure relates to a semiconductor device
and fabrication method thereof.

DESCRIPTION OF THE RELATED ART

The High Flectron Mobility Transistor (HEMT) may
typically comprise modulated doped heterojunctions and
corresponding source-drain structures. Because a Two
Dimensional Electron Gas (2-DEG) in the heterojunction is
substantially not affected by the scattering of ionized impu-
rity ions, it may have a very high mobility, and thus HEMT
devices have attracted widespread attention recently.

With the scaling-down of device dimension, it has been
proposed to employ Ultra-Thin Body (UTB), such as Quan-
tum Well (QW) structure, in HEMT device to alleviate or
prevent a short-channel effect of transistor. Generally, in
silicon device, amorphous dielectrics, such as, silicon oxide,
are used to form a UTB layer of silicon on an insulator.
However, such materials have thermally insulating charac-
teristic so that the heat dissipation performance of the device
may be poor. Moreover, the existing non-planar QW tran-
sistors are apt to suffer electron overflow, thereby deterio-
rating device performance.

SUMMARY

The inventor of the inventive concept noticed the above
problems in the prior art, and accordingly provide a novel
solution to at least alleviate or address at least some of the
problems.

According to an aspect of an embodiment of this disclo-
sure, a method of fabricating a semiconductor device is
provided which comprises: providing a substrate structure
including a substrate and a fin-shaped buffer layer formed
over a surface of the substrate; forming a Quantum Well
(QW) material layer on a surface of the fin-shaped buffer
layer, the QW material layer being suitable for forming an
electron gas therein; and forming a barrier material layer on
the QW material layer.

In an embodiment, the substrate further includes an insu-
lating portion adjacent to the fin-shaped buffer layer, the
insulating portion being formed along both sides of the
buffer layer on the surface of the substrate which is not
covered by the buffer layer. The forming a QW material
layer on the surface of the fin-shaped buffer layer may
comprise: forming a QW material layer on the surface of the
fin-shaped buffer layer that is not covered by the insulating
portion.

In an embodiment, the method may further comprise:
forming a cap layer on the barrier material layer; and
forming a gate structure including a gate insulating layer on
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at least a portion of the cap layer, a gate on the gate
insulating layer, and a spacer for the gate.

In an embodiment, the method may further comprise:
forming a cap layer on the barrier material layer; and
forming a gate structure including a gate insulating layer on
a portion of the cap layer and a portion of the insulating
portion, a gate on the gate insulating layer, and a spacer for
the gate.

In an embodiment, the method may further comprise:
further comprising: etching the fin shaped buffer layer with
the gate structure as a mask, until at least a portion of the
fin-shaped buffer layer is removed; and growing a semicon-
ductor material on the etched portion of the fin-shaped buffer
layer to form a source region and a drain region.

In an embodiment, the providing a substrate structure may
comprise: forming a buffer layer over the substrate; pattern-
ing the buffer layer to form the fin-shaped buffer layer.

In an embodiment, the fin-shaped buffer layer may have
a thickness in range of about 1-2 um; the QW material layer
may have a thickness in range of about 10-50 nm; and/or the
barrier material layer may have a thickness in range of about
1-5 nm.

In an embodiment, the forming of the QW material layer
and/or the forming of the barrier material layer comprise(s)
selective epitaxy growth.

In an embodiment, the material of the fin-shaped buffer
layer can be AIN; the material of the QW material layer can
be GaN; and the material of the barrier material layer can be
AIN. In an embodiment, the QW material can be one of the
following materials: InGaN, AlGaN, Ge, Group [1I-Group V
semiconductor materials, or Group II-Group VI semicon-
ductor materials. In an embodiment, the substrate can be a
Si substrate.

According to another aspect of an embodiment of this
disclosure, a semiconductor device is provided which com-
prises: a substrate; a fin-shaped buffer layer over the sub-
strate; a Quantum Well (QW) material layer on the fin-
shaped buffer layer, the QW material layer being suitable for
forming an electron gas therein; and a barrier material layer
on the QW material layer.

In an embodiment, the semiconductor device may further
comprise: an insulating portion on the surface of the sub-
strate adjacent to the fin-shaped buffer layer, the insulating
portion being formed along both sides of the buffer layer on
the surface of the substrate which is not covered by the
buffer layer; and wherein the QW material layer is formed
on the surface of the fin-shaped buffer layer that is not
covered by the insulating portion.

In an embodiment, the semiconductor device may further
comprise: a cap layer on the barrier material layer; and a gate
structure, wherein the gate structure comprises a gate insu-
lating layer on at least a portion of the cap layer, a gate on
the gate insulating layer, and a spacer for the gate.

In an embodiment, the semiconductor device may further
comprising:

a cap layer on the barrier material layer; and

a gate structure, wherein the gate structure comprises a

gate insulating layer on a portion of the cap layer and
a portion of the insulating portion, a gate on the gate
insulating layer, and a spacer for the gate.

In an embodiment, the device may further comprise a
source region and a drain region each formed on an etched
portion of the fin-shaped buffer layer.

Further features of the inventive concept and advantages
thereof will become apparent from the following detailed
description of exemplary embodiments according to the
inventive concept with reference to the attached drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate embodi-
ments of the disclosure and, together with the description,
serve to explain the principles of the disclosure.

The inventive concept can be clearly and fully understood
from the following description with reference to the draw-
ings, in which:

FIG. 1 is a schematic flowchart of a method for fabricat-
ing semiconductor device according to an embodiment of
this disclosure;

FIGS. 2, 3a, 3b, 4a, 4b, 5a, 5b, 6a, 6b, 7a, 75, 8,9, 10 and
11 schematically illustrate views of a semiconductor device
during various fabrication processes according to an
embodiment of the present disclosure.

DESCRIPTION OF THE EMBODIMENTS

Various exemplary embodiments of the present disclosure
will now be described in detail with reference to the draw-
ings. It is noted that the relative arrangement of the com-
ponents and steps, the numerical expressions, and numerical
values set forth in these embodiments are not intended to
limit the scope of the inventive concept, unless it is specifi-
cally stated otherwise.

Further, it would be appreciated that the dimensions of the
elements in the drawings may not be drawn to scale for the
convenience of illustration.

The following description of exemplary embodiments is
merely illustrative and is not intended to limit the inventive
concepts, or its applications or uses.

Techniques, methods and devices as known to one of
ordinary skill in the relevant arts may be omitted from being
discussed in detail, but are regarded as parts of the specifi-
cation where appropriate.

In all of the examples illustrated and discussed herein, any
specific values should be interpreted to be illustrative only
and non-limiting. Thus, other examples of the exemplary
embodiments may have different values.

Notice that similar reference numerals and letters are used
to refer to similar elements throughout the figures, and thus
once an element is defined in a figure, it is possible that it
would not be further discussed in the descriptions for the
following figures.

FIG. 1 is a schematic flowchart of a method for fabricat-
ing a semiconductor device according to an embodiment of
the present disclosure. As shown in FIG. 1, at step 101, a
substrate structure is provided, including a substrate and a
fin-shaped buffer layer formed over a surface of the sub-
strate. In an embodiment, the step of providing a substrate
structure described above may comprise: forming a buffer
layer over the substrate; and patterning the buffer layer to
form the fin-shaped buffer layer. In some embodiments, the
substrate described above can be, for example, a silicon (Si)
substrate, however, it should be understood that the inven-
tive concept is not limited thereto.

In some embodiments, the material of the fin-shaped
buffer layer may be aluminum nitride (AIN). The thermal
conductivity of AIN is about 3.4 W/cm-K, while the thermal
conductivity of silicon oxide is about 0.014 W/cm-K, less
than that of AIN by two orders of magnitude. Thus, AIN
facilitates fast dissipation of heat generated by semiconduc-
tor device such as HEMT using AIN as a material for the
fin-shaped buffer layer, so that performance and stability of
semiconductor devices can be improved. In the case that
AIN is employed as the material for the fin-shaped buffer
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layer, the substrate may be a (111) Si substrate, that is, a Si
substrate the primary surface of which is at the (111) crystal
plane. In some other embodiments, the substrate may be, for
example, a sapphire substrate or other appropriate substrate.

Next, at step 102, a Quantum Well (QW) material layer is
formed on a surface of the fin-shaped buffer layer. Herein,
the QW material may be gallium nitride (GaN), for example,
n-type doped GaN. The QW material layer may be formed
with selective epitaxy growth, for example. The QW mate-
rial layer can be suitable for forming an electron gas therein.

Then, at step 103, a barrier material layer is formed on the
QW material layer. The material of the barrier material layer
may be aluminum nitride (AIN). The barrier material layer
may also be formed by means of selective epitaxy growth.

A QW structure may be constructed with the barrier
material layer, the QW material layer and the buffer layer,
wherein a potential barrier can be formed by the barrier
material layer and the buffer layer, and a potential well can
be formed by the QW material layer.

With the semiconductor device fabrication method shown
in FIG. 1, a semiconductor device having a non-planar (e.g.,
fin-shaped) QW structure can be formed. With the QW
structure according to the present disclosure, short-channel
effect may be relieved for the semiconductor device (for
example, HEMT device) while high carrier mobility can be
guaranteed. In addition, the semiconductor device according
to the present disclosure can significantly improve heat
dissipation of the device, and thus the performance and
thermal stability of the device can be improved.

Then, a gate structure may be further formed. In some
preferred embodiments, an optional cap layer (for example,
GaN) may be formed on the barrier material layer, as shown
in step 104 of FIG. 1, for facilitating subsequent process
steps (for example, forming a high-k dielectric) and protect-
ing the QW structure from being adversely influenced in
subsequent steps. The cap layer may be formed by means of,
for example, selective epitaxy growth. After that, a gate
structure (herein, referred to as a first gate structure) can be
formed, wherein the first gate structure comprises a gate
insulating layer (for example, High-k oxide) on at least a
portion of the cap layer, a gate on the gate insulating layer,
and spacer(s) on a wall of the gate. The spacer may be
formed of XXXXXX and formed on both side of the gate.
The gate structure can be formed using methods, process
steps and materials that are known in the art, which will not
be described in detail herein.

In addition, in other embodiments, an insulating portion
(for example, SiO) can be further formed on the surface of
the substrate adjacent to the fin shaped buffer layer. In such
an embodiment, the step of forming a QW material layer on
the surface of the fin-shaped buffer layer may comprise:
forming the QW material layer on a surface of the fin-shaped
buffer layer that is not covered by the insulating portion. In
this embodiment, the QW material layer is formed on a
surface of the fin-shaped buffer layer that is not covered by
the insulating portion. Thus, this embodiment is different
from the above embodiment of forming the first gate struc-
ture in that, a gate structure that is formed after forming the
cap layer on the barrier material layer (herein, referred to as
a second gate structure) may comprise a gate insulating layer
on a portion of the cap layer and a portion of the insulating
portion, a gate on the gate insulating layer, and spacer(s) on
the wall of the gate.

It should, however, be understood that the present disclo-
sure is not limited only to the embodiments described and
illustrated herein. As an example, the QW material can be
one of the following materials: indium gallium nitride
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(InGaN), aluminum gallium nitride (AlGaN), germanium
(Ge), and III-V or II-VI family semiconductor materials.
Also, those skilled in the art can readily select appropriate
buffer layer materials and barrier layer materials with the
above QW materials, to form the semiconductor structure
according to the present disclosure.

In some embodiments, the fin-shaped buffer layer can
have a thickness in range of about 1-20 um, preferably about
1-2 pum, for example, about 1.5 pm. The QW material layer
can have a thickness in a range of about 10-50 nm, for
example, 20 nm, 30 nm, 40 nm, etc. The barrier material
layer can have a thickness in a range of about 1-5 nm, e.g.,
about 4 nm. The cap layer can have a thickness in a range
of about 1-3 nm, e.g., about 2 nm. It should be understood
that those numbers or numerical ranges are merely exem-
plary, and not limitations to the inventive concept.

In some embodiments, after forming the above gate
structure, an etching may be performed using the gate
structure as a mask, until at least a portion of the fin-shaped
buffer layer is removed by the etching. Then, a semicon-
ductor material (for example, N+ doped GaN) can be grown
on the etched portion of the fin-shaped buffer layer to form
a source region and a drain region.

FIG. 2-FIG. 11 schematically show stages of a process for
fabricating semiconductor device according to an embodi-
ment of the present disclosure.

First, as shown in FIG. 2, a buffer layer 2 is formed on the
substrate 1 by means of, for example, Metal-organic Chemi-
cal Vapor Deposition (MOCVD), Atomic Layer Deposition
(ALD), Molecular Beam Epitaxy (MBE), or other process.
In this embodiment, the material of the buffer layer 2 can be
AIN;, and the material of the substrate 1 can be silicon (Si).
The crystal orientation of a primary surface of the Si
substrate 1 can be <111> orientation.

Then, as shown in FIG. 3a and FIG. 34, the buffer layer
2 is patterned by, for example, lithography and dry etching
to form a fin-shaped buffer layer 3 on the substrate 1. As
shown in FIG. 3a, the fin-shaped buffer layer may have a
pillar shape formed on the substrate and extend along a
channel length direction. Wherein, FIG. 3a shows a cross-
sectional view taken in a direction perpendicular to the
longitudinal direction of the fin (the direction of the channel
which is to be later formed), FIG. 36 shows a cross-sectional
view taken along the longitudinal direction of the fin (the
channel direction).

Next, as shown in FIG. 4a and FIG. 45, an insulating
portion 4 is formed on the surface of the substrate 1 adjacent
to the fin shaped buffer layer 3. In a particular example, the
insulating portion 4 may be formed of a silicon oxide layer,
with a thickness of about 50-500 nm and formed along both
sides of the buffer layer on a surface of the substrate 1 which
is not covered by the buffer layer 3. Similarly, FIG. 4a is a
cross-sectional view taken perpendicularly to the channel
direction, and FIG. 45 is a cross-sectional view taken along
the channel direction. As mentioned above, in some embodi-
ments, the insulating layer can be omitted.

Then, as shown in FIG. 5a and FIG. 54, a QW material
layer 5 is formed on the surface of the fin-shaped buffer layer
3, a barrier material layer 6 is formed on the QW material
layer 5, and a cap layer 7 is formed on the barrier material
layer 6. Similarly, FIG. 5a is a cross-sectional view taken
perpendicularly to the channel direction, and FIG. 56 is a
cross-sectional view taken along the channel direction. In
this embodiment, the QW material is GaN, the barrier
material is AIN, and the cap layer is GaN. As mentioned
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above, the QW material layer 5, the barrier material layer 6,
and/or the cap layer 7 can be formed by means of selective
epitaxy growth.

In addition, in this embodiment, the fin-shaped buffer
layer 3 has a thickness in a range of about 1-2 pm, the QW
material layer 5 has a thickness in a range of about 10-50
nm, the barrier material layer 6 has a thickness in a range of
about 1-5 nm, and the cap layer 7 has a thickness in a range
of about 1-3 nm.

Next, as shown in FIG. 6a and FIG. 64, a gate insulating
layer 8 is formed. The gate insulating layer 8 can cover at
least a portion of the insulating portion 4 and at least a
portion of the cap layer 7. Similarly, FIG. 6a is a cross-
sectional view taken perpendicularly to the channel direc-
tion, and FIG. 6b is a cross-sectional view taken along the
channel direction. In a particular example, the material of
the gate insulating layer 8 can be a high-K dielectric, and the
gate insulating layer 8 can has a thickness in range of about
1-5 nm.

Next, as shown in FIG. 7a and FIG. 7b, with PVD,
MOCVD, ALD, MBE, etc., for example, gate material 9 is
deposited on the gate insulating layer 8. FIG. 7a is a
cross-sectional view taken perpendicularly to the channel
direction, and FIG. 75 is a cross-sectional view taken along
the channel direction. Herein, the gate material can be a
metal material, such as Ni-—Au or Cr—Au.

Next, as shown in FIG. 8, the gate material 9 is patterned
to form a gate 10. FIG. 8 is a cross-sectional view taken
along the channel direction. It should be understood that the
inventive concept is not limited thereto. For example, in
another specific example, the gate material can be polysili-
con, and the gate 10 can be a polysilicon gate or a pseudo
gate. The polysilicon pseudo gate can be replaced by a metal
gate in additional steps.

After forming the gate, spacer 11 can be formed on
opposite sides of the gate, then an etching is performed using
the gate and the spacers as a mask (in other words, taking the
complete gate structure as a mask), until at least a portion of
the fin-shaped buffer layer is removed by etching, as shown
in FIG. 9 which is a cross-sectional view taken along the
channel direction. It should be understood that various
elements shown in the drawings are illustrative, and do not
represent precise shapes of an actual and practical device
anyway.

Next, as shown in FIG. 10, a semiconductor material is
grown on the etched portion of the fin-shaped buffer layer to
form a source region/drain region. FIG. 10 is a cross-
sectional view taken along the channel direction.

Finally, as shown in FIG. 11, a corresponding source
electrode/drain electrode 13 can be formed in the source
region/drain region. FIG. 11 is a cross-sectional view taken
along the channel direction.

Note that FIG. 8-FIG. 11 are all cross-sectional views
along the channel direction.

It should be understood that the inventive concept is not
limited to the embodiments described above. For example,
in another specific embodiment, the gate material can be
polysilicon, the gate 10 can be a polysilicon gate or poly-
silicon pseudo gate. Those skilled in the art may readily
understand that the polysilicon pseudo gate can be replaced
by a metal gate in additional steps, for example, the poly-
silicon pseudo gate can be removed after the growth of the
source region and the drain region, and then a metal gate can
be formed.

Hence, a semiconductor device is further provided in the
present disclosure, comprising: a substrate; a fin-shaped
buffer layer on the surface of the substrate; a QW material
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layer on the surface of the fin-shaped buffer layer; and a
barrier material layer on the QW material layer; wherein the
QW material layer is suitable for forming an electron gas
therein.

The above apparatus may further comprise an insulating
portion on the surface of the substrate transversely adjacent
to the fin-shaped buffer layer; and the QW material layer can
be formed on the surface of the fin-shaped buffer layer that
is not covered by the insulating portion.

The above apparatus may further comprise a cap layer on
the barrier material layer; and a gate structure on at least a
portion of the cap layer.

The semiconductor device and fabrication method thereof
according to the inventive concept have been described with
reference to the drawings. However, those details as known
in the art are not described herein. One of ordinary skill in
the art would fully and readily know how to implement the
technical solutions disclosed herein in light of the above
disclosures.

It should be understood by a person skilled in the art that
the above embodiments can be modified or changed therein
without departing from the scope and spirit of the inventive
concept as claimed.

What is claimed is:

1. A method of fabricating a semiconductor device, com-
prising:

providing a substrate structure including a substrate and a

fin-shaped buffer layer formed over a surface of the
substrate;
forming a Quantum Well (QW) material layer on a surface
of the fin-shaped buffer layer, the QW material layer
being suitable for forming an electron gas therein; and

forming a barrier material layer on the QW material layer,

wherein the substrate further includes an insulating por-
tion adjacent to the fin-shaped buffer laver, the insu-
lating portion being formed along both sides of the
buffer layer on the surface of the substrate which is not
covered by the buffer layer, and

wherein the forming a QW material layer on the surface

of the fin-shaped buffer layer comprises:

forming a QW material layer on the surface of the

fin-shaped buffer layer that is not covered by the
insulating portion.

2. The method according to claim 1, further comprising:

forming a cap layer on the barrier material layer; and

forming a gate structure including a gate insulating layer
on a portion of the cap layer and a portion of the
insulating portion, a gate on the gate insulating layer,
and a spacer for the gate.

3. The method according to claim 2, further comprising:

conducting an etching with the gate structure as a mask,

until a portion of the fin-shaped buffer layer is removed
by the etching; and

growing a semiconductor material on the etched portion

of the fin-shaped buffer layer to form a source region
and a drain region.

4. A method of fabricating a semiconductor device, com-
prising:
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providing a substrate structure including a substrate and a
fin-shaped buffer layer formed over a surface of the
substrate;

forming a Quantum Well (QW) material layer on a surface
of the fin-shaped buffer layer, the QW material layer
being suitable for forming an electron gas therein;

forming a barrier material layer on the QW material laver;

forming a cap layer on the barrier material layer; and

forming a gate structure including a gate insulating layer
on at least a portion of the cap layer, a gate on the gate
insulating layer, and a spacer for the gate.

5. The method according to claim 4, further comprising:

conducting an etching with the gate structure as a mask,
until a portion of the fin-shaped buffer layer is removed
by the etching; and

growing a semiconductor material on the etched portion
of the fin-shaped buffer layer to form a source region
and a drain region.

6. The method according to claim 4, wherein the step of
providing a substrate structure comprises:
forming a buffer layer over the substrate;

patterning the buffer layer to form the fin-shaped buffer

layer.

7. The method according to claim 4, wherein:

the fin-shaped buffer layer has a thickness in range of

about 1-2 um;

the QW material layer has a thickness in range of about

10-50 nm; and/or
the barrier material layer has a thickness in range of about
1-5 nm.

8. The method according to claim 4, wherein the forming
of the QW material layer and/or the forming of the barrier
material layer comprise(s) selective epitaxy growth.

9. A method of fabricating a semiconductor device, com-
prising:

providing a substrate structure including a substrate and a

fin-shaped buffer layer formed over a surface of the
substrate;

forming a Quantum Well (QW) material layer on a surface
of the fin-shaped buffer layer, the QW material layer
being suitable for forming an electron gas therein;

forming a barrier material layer on the QW material layer,
wherein:

the material of the fin-shaped buffer layer is AIN;

the material of the QW material layer is GaN; and

the material of the barrier material layer is AIN.

10. The method according to claim 9, wherein:

the substrate is a Silicon substrate.

11. The method according to claim 9, wherein:

the QW material is one of the following materials: InGaN,
AlGaN, Ge, Group III-Group V semiconductor mate-
rials, or Group II-Group VI semiconductor materials.
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